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Introduction {#sec0005}
============

Dengue fever is the most prevalent mosquito-borne viral disease and is caused by four closely related serotypes of dengue viruses (DENV), which affect humans in tropical and subtropical regions worldwide ([@bib0015]). The presentation of the infection ranges from asymptomatic infection to the severe forms of the disease, such as dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) ([@bib0065]). However, there is no satisfactory vaccine and no means of predicting disease severity at an early stage in DENV patients ([@bib0020]). Both viral and host factors, including the host's immune function, seem to be related to disease severity ([@bib0035], [@bib0145], [@bib0180]). However, the immunological processes during DENV infection are not yet completely defined. Understanding the mechanisms that regulate the balance between immune-mediated protection and pathogenesis during DENV infections is a critical step toward the development of safe and effective DENV therapeutics and vaccines.

It is well known that CD8^+^ T cells play a role in antiviral immunity in human viral infections ([@bib0040], [@bib0045], [@bib0190], [@bib0195], [@bib0200]). In response to infection, antigen-specific CD8^+^ T cells are primed in the T cell zone of secondary lymphoid organs and differentiate into effector cytotoxic T cells to eliminate infected cells ([@bib0105]). Recently, a subset of CD8^+^ T cells with high C-X-C chemokine receptor type 5 (CXCR5) expression have been shown to possess antiviral properties in chronic virus infections, during which CD8^+^ T cells generally display exhausted phenotypes ([@bib0025], [@bib0070], [@bib0095], [@bib0140]). In addition, CXCR5^+^CD8^+^ T cells exhibit a more potent pro-inflammatory function than CXCR5^−^CD8^+^ T cells during chronic SIV infections ([@bib0110]). Recent studies have reported CXCR5^+^CD8^+^ T cells from chronic LCMV and HIV infections selectively entered into B-cell follicles eradicating both infected follicular helper T cells (Tfh) and B cells, exhibited more potent cytotoxicity, and demonstrated synergistic therapeutic potential when combined with PD-L1 neutralization ([@bib0070], [@bib0140]). Upon adoptive transfer, mice receiving CXCR5^+^CD8^+^ T cells presented significantly lower viral load than mice receiving CXCR5^−^CD8^+^ T cells.

CD8^+^ T cell dysfunction in chronic viral infections is associated with the expression of PD-1 inhibitory receptor ([@bib0160], [@bib0155], [@bib0175], [@bib0205]). At present, the expression of PD-1 on CXCR5^+^CD8^+^ T cells during viral infections remains controversial. Some studies ([@bib0075], [@bib0135]) reported high PD-1 expression on CXCR5^+^CD8^+^ T cells compared to CXCR5-CD8^+^ T cells during chronic viral infections, whereas He et al. ([@bib0070]) reported that CXCR5-CD8^+^ T cells expressed significantly lower levels of inhibitory molecules Tim-3 and PD-1 but higher levels of proinflammatory cytokines TNF-α and IFN-γ.

However, studies on CXCR5^+^CD8^+^ T cells in DENV2 patients are still lacking. Moreover, whether CXCR5^+^CD8^+^ T cells contribute to antiviral immunity during DENV2 infection remains unknown. To better understand the CXCR5^+^CD8^+^ T cell response and its role in protection and immunopathology, we examined the dynamic changes and functional properties of CXCR5^+^CD8^+^ T cells during DENV2 infection.

Materials and methods {#sec0010}
=====================

Patient characteristics {#sec0015}
-----------------------

Blood from patients suspected of having dengue fever was obtained when they presented at Zhejiang Province People\'s Hospital due to an outbreak of DENV2 in Zhejiang Hangzhou, China. The diagnosis was confirmed if samples tested positive for DENV2 RNA by reverse transcriptase-polymerase chain reaction (RT-PCR). All these samples were screened by the serological tests which include herpes simplex virus 2, rubella virus, cytomegalovirus, toxoplasma, rotavirus, coxsackie virus, mycoplasma, chlamydia, and hepatitis A, B, C, D to exclude other virus or bacteria infection. We also enrolled 21 healthy individuals (HI) who were asymptomatic and negative for DENV IgM and RNA. The characteristics of the DENV2 patients and HI are depicted in [Table 1](#tbl0005){ref-type="table"} . Heparinized peripheral blood samples were collected at diagnosis (D0) and subsequently, at 7 days (D7), 15 days (D15)) after diagnosis for the longitudinal study. Patients gave informed consent for their sample analysis in accordance with the Declaration of Helsinki. The study was approved by the Zhejiang Province People's Hospital Review Board.Table 1Clinicopathologic characteristics of the two groups of patients.Table 1DengueHI*P*Sex, n3621 Male1911 Female1710Age48.5 ± 31.546.5 ± 13.50.8096WBC (/μL)3.88 ± 2.796.75 ± 2.69\<0.001LYM (/μL)1.64 ± 1.402.15 ± 1.050.046PLT (10^3^/μL)174.0 ± 146.2194.16 ± 86.70.035 ≥ 14614 \<14622HCT (%)32.56 ± 2.0430.5 ± 1.790.0417LDH (U/L)281.57 ± 104.48165.52 ± 40.17\<0.001 109--2441221 ≥245240CK (U/L)206.06 ± 55.0471.45 ± 21.5\<0.001 \< 2503021 ≥ 25070Urea (mmol/L)4.67 ± 2.284.54 ± 1.980.459 \<7.52721 ≥7.590Urine protein Negative2721 Positive9Cr (μmol/L)84.38 ± 50.7272.5 ± 22.70.0414 \<1232721 ≥12390AST (U/L)123.5 ± 107.523.5 ± 8.42\<0.001 \<402521 ≥40110AST (U/L)198.5 ± 175.524.0 ± 5.62\<0.001 \<352521 ≥ 35110

Routine clinical indexes including white blood cell (WBC), lymphocyte (LYM), and platelet (PLT) counts and hematocrit (HCT) were determined from peripheral whole blood. Glutamic-pyruvic transaminase (ALT), aspartate transaminase (AST), lactate dehydrogenase (LDH), creatine kinase (CK), creatinine (Cr), and urea were detected from serum samples that were isolated from clotted blood by centrifugation.

Flow cytometric analysis {#sec0020}
------------------------

The following monoclonal antibodies were used for the surface immunophenotyping assays: CD8-phycoerythrin-cyanine 7 (PE-Cy7, clone B911, BD Biosciences, USA), CXCR5-Alexa 488 (clone RF8B2, BD Biosciences, USA), PD-1-PerCP-Cy5.5 (clone H12.1, BD Biosciences, USA), and CD3-APC (clone UCHT1, Beckman Coulter, USA); After cells were incubated with antibodies for 30 min at 4 °C in the dark, and washed with PBS. Isotype antibody controls were used in all procedures. The stained cells were then analyzed using a FACSCantoII flow cytometer and FACSDiva software (Becton Dickinson, Sparks, MD). The strategy is shown in Figure S1.

Cytokine concentrations in serum were measured with the BD cytometric bead array (CBA) Human Th1/Th2/Th17 Cytokine Kit (BD Biosciences, San Jose, USA), following the manufacturer's instructions.

Function analyses of CXCR5^+^CD8^+^ T cells {#sec0025}
-------------------------------------------

CD8^+^ T cells were isolated from the peripheral blood by Ficoll-Hypaque density gradient centrifugation in combination with the Human CD8^+^ T cell Enrichment kit (Thermo Scientific) according to manufacturer\'s protocols. The efficacy of CD8^+^ isolation was routinely ≥94% and these were plated at 2 × 10^6^ cells/well in 96-well U-bottom plates. Cells were stimulated by 5 μg/mL DENV2 NS1 peptides (Santa, USA) with TCR stimulant (1 μg/mL anti-CD3 plus 1 μg/mL anti-CD28), 10 μg/mL Brefeldin A and CD107a-PE-cy5 (clone H4A3, eBioscience, Waltham, MA, USA) during the last 6 h. Cells stimulated with PIB (PMA + ionomycin + Brefeldin A) were used as a positive control whereas unstimulated cells were used as a negative control. Cells were collected, washed and labeled with CXCR5-Alexa 488 (clone RF8B2, BD Biosciences, USA) and CD8-PerCP (clone SK1, BD Biosciences, USA). Then, cells were fixed and permeabilized using an IntrePrep Permeabilization Reagent kit (Beckman Coulter, Miami, FL, USA) and incubated for 30 min at 4 °C with specific antibodies: TNF-α-PE-Cy7 (clone MP6-XT22, eBioscience, Waltham, MA, USA), IFN-γ-APC (clone 4S.B3, eBioscience, Waltham, MA, USA), IL-6-PE (clone MP5-20F3, eBioscience, Waltham, MA, USA), and IL-10-PE (clone JES5-19F1, BD Biosciences, Franklin Lakes, NJ, USA); or perforin- Alexa Flour647 (clone dG9, eBioscience, Waltham, MA, USA). Flow cytometric acquisition was performed on a FACSCanto II instrument with FACSDiva software (BD Biosciences, USA).

DENV2 RNA quantification {#sec0030}
------------------------

DENV2 infection was confirmed by RT-PCR as previously described ([@bib0090], [@bib0130]). Total cellular RNA was isolated from 250 μL of whole blood obtained from DENV2 patients using Trizol LS reagent according to manufacturer's protocol (Invitrogen). 200 ng RNA was used to estimate DENV viremia by Taqman one step RT-PCR as described previously. Peripheral blood DENV RNA viral load was determined using RT-PCR crossover values (Ct). The detection limit of this assay was 100 copies/mL.

Statistical analysis {#sec0035}
--------------------

Statistical analysis was performed with GraphPad Prism 5.01 software. Statistical tests for data analysis included the Mann Whitney U-test. Correlations between variables were determined using Spearman's correlation coefficient. The quantitative data are presented as the mean ± standard deviation (SD). *P* \< 0.05, *P* \< 0.01, and *P* \< 0.001 were considered to be statistically significant.

Results {#sec0040}
=======

Circulating follicular CXCR5^+^CD8^+^ T cells increased late in the course of DENV2 infection {#sec0045}
---------------------------------------------------------------------------------------------

We first evaluated the level of circulating follicular CXCR5^+^CD8^+^ T cells in DENV2 patients. The frequency and number of CXCR5^+^CD8^+^ T cells was very low in DENV2 patients on D0 ([Figure 1](#fig0005){ref-type="fig"} **A, B**), which was comparable with that in HI, remained constant up to D7. However, this frequency and number increased on D15 and were higher than that observed in HI ([Figure 1](#fig0005){ref-type="fig"} **B**). We further investigate the level of CXCR5^high^CD8^+^ T cells in DENV2 patients, and observed a higher frequency of CXCR5^high^CD8^+^ T cells on D7 and a higher frequency and number of CXCR5^high^CD8^+^ T cells on D15 than those in HI ([Figure 1](#fig0005){ref-type="fig"} **C**).Figure 1Circulating follicular CXCR5^+^CD8^+^ T cells increased late in the course of DENV2 infection. (**A**) Representative flow cytometric dot plots of CXCR5^+^CD8^+^ on CD3^+^CD8^+^ T cells. The values in the histogram represent the frequency of CD3^+^CD8^+^ T cells; (**B**) Frequency (left) and number (right) of CXCR5^+^CD8^+^ T cells from the peripheral blood of HI (n = 21) and DENV2 patients at different days after diagnosis (n = 36). Each data point represents an individual subject; (**C**) Frequency (top) and number (bottom) of CXCR5^high^CD8^+^ T cells from the peripheral blood of HI and DENV2 patients at different days after diagnosis. HI: healthy individuals; D0: at diagnosis; D7: days 7 after diagnosis; D15: days 15 after diagnosis.Figure 1

CXCR5^+^CD8^+^ T cells were negatively association with DENV2 RNA viral load in DENV2 patients {#sec0050}
----------------------------------------------------------------------------------------------

Since CXCR5^+^CD8^+^ T cells were increased in the late course of DENV2 infection, this phenomenon lead us to question whether CXCR5^+^CD8^+^ T cells are associated with DENV2 RNA viral load in DENV2 patients. DENV2 RNA viral load was evaluated at different days after DENV2 infection. As expected, higher viral loads were observed on D0 and D7, as shown in [Figure 2](#fig0010){ref-type="fig"} A, decreasing thereafter. Remarkably, DENV2 RNA viral load was negatively correlated with the number of circulating CXCR5^+^CD8^+^ T cells on D0 and D15 **(** [Figure 2](#fig0010){ref-type="fig"} **B**--**D)**. These results imply that CXCR5^+^CD8^+^ T cells may play a role in the control of DENV2 replication during the acute phase of dengue.Figure 2CXCR5^+^CD8^+^ T cells were significantly negatively correlated with DENV2 RNA viral load in DENV2 patients. (**A**) DENV2 RNA viral load at different days after diagnosis; (**B**--**D**) A correlation between the number of CXCR5^+^CD8^+^ T cells and DENV RNA viral load at different days after diagnosis.Figure 2

PD-1 was highly expressed on CXCR5^+^CD8^+^ T cells and negatively associated with disease progression {#sec0055}
------------------------------------------------------------------------------------------------------

PD-1 is an important functional marker highly expressed on CD4^+^ follicular T helper cells ([@bib0010], [@bib0185]); however, the function of PD-1 on follicular CXCR5^+^CD8^+^ T cells remains controversial. Thus, we analyzed the expression of PD-1 on CXCR5^+^CD8^+^ T cells. Compared with CXCR5-CD8^+^ T cells, CXCR5^+^CD8^+^ T cells exhibited enhanced PD-1 expression ([Figure 3](#fig0015){ref-type="fig"} **A**, **B**). Herein, we further investigated the frequency and number of PD-1^+^CXCR5^+^CD8^+^ cells in DENV2 patients. Statistical analysis demonstrated higher frequency of PD-1^+^CXCR5^+^CD8^+^ T cells at different days after diagnosis and higher number of PD-1^+^CXCR5^+^CD8^+^ T cells on D15 in DENV2 patients than HI ([Figure 3](#fig0015){ref-type="fig"} **C**, **D**).Figure 3PD-1 was highly expressed on CXCR5^+^CD8^+^ T cells and negatively associated with disease progression. (**A**) Representative expression of PD-1 on CXCR5-CD8^+^ and CXCR5^+^CD8^+^ T cells from one DENV2 patient; (**B**) MFI of PD-1 in CXCR5^+^CD8^+^ and CXCR5-CD8^+^ T cells in DENV2 patients; (**C**) Representative flow cytometric dot plot of PD-1^+^CXCR5^+^ gated on CD3^+^CD8^+^ T cells from one HI and one DENV2 patient at different days after diagnosis; (**D**) The frequency (left) and number (right) of PD-1^+^CXCR5^+^CD8^+^ T cells in DENV2 patients at different days after diagnosis; (**E**) Comparison of the frequency (left) and number (right) of PD-1^+^CXCR5^+^CD8^+^ T cells in DENV2 patients with or without kidney injury; (**F**) Comparison of the frequency (left) and number (right) of PD-1^+^CXCR5^+^CD8^+^ T cells in two groups categorized by platelet counts; (**G**) Comparison of the frequency (left) and number (right) of PD-1^+^CXCR5^+^CD8^+^ T cells in DENV2 patients with or without liver injury; (**H**) Comparison of the frequency (left) and number (right) of PD-1^+^CXCR5^+^CD8^+^ T cells in DENV2 patients with or without myocardial injury. KI: kidney injury; LI: liver injury; MI: myocardial injury; PLT: platelets.Figure 3

These data lead us to question whether PD-1^+^CXCR5^+^CD8^+^ T cells are associated with disease progression in DENV2 patients. In the clinical setting, some DENV2 patients will develop kidney injury and thrombocytopenia. Subsequently, when comparing DENV2 patients grouped according to kidney injury, the level of PD-1^+^CXCR5^+^CD8^+^ T cells on D0 in DENV2 patients with kidney injury was significantly higher than in those without kidney injury ([Figure 3](#fig0015){ref-type="fig"} **E**). The frequency of PD-1^+^CXCR5^+^CD8^+^ T cells on D0 were higher in DENV2 patients with lower platelet counts (≤146 × 10^3^/μL) than in those with normal platelet counts (\>146 × 10^3^/μL) ([Figure 3](#fig0015){ref-type="fig"}F). Moreover, when we compared the PD-1^+^CXCR5^+^CD8^+^ T cells on D0 with the clinical characteristics including liver injury and myocardial damage ([Figure 3](#fig0015){ref-type="fig"} **G**, **H**), we found no significant correlation between the PD-1^+^CXCR5^+^CD8^+^ T cells with these clinical characteristics. This finding suggested that PD-1^+^CXCR5^+^CD8^+^ T cells on D0 could be negatively associated with disease progression.

Serum IFN-γ, IL-6 and IL-10 are increased late in the course of DENV2 infection {#sec0060}
-------------------------------------------------------------------------------

We know that cytokines play a crucial role in the pathogenesis of dengue, which leads to severe dengue disease ([@bib0120], [@bib0125]). To further understand the kinetics of the immune response to DENV2 with respect to secretion of cytokines, we detected the serum cytokine levels in DENV2 patient at different days after diagnosis. Serum levels of IL-2, IL-4, and TNF-α were low in DENV2 patients from D0 to D15, which were comparable with those in HI ([Figure 4](#fig0020){ref-type="fig"} **A**, **B**, **F**). IL-6, IL-10 and IFN-γ levels increased on D7 and D15 in DENV2 patients, which were higher than those in HI ([Figure 4](#fig0020){ref-type="fig"} **C**--**E**). IL-17 was also evaluated, but the results were below the limit of detection for this assay (20 pg/ml).Figure 4Serum IL-6, IL-10 and IFN-γ levels increased late in the course of DENV2 infection. Cytokines were determined by CBA in the blood serum of the HI and DENV2 patients; (**A**--**F**) Serum IL-2, IL-4, IL-6, IL-10, IFN-γ and TNF-α levels.Figure 4

CXCR5^+^CD8^+^ T cells exhibited increased cytotoxicity and IFN-γ and IL-10 secretion in DENV2 patients {#sec0065}
-------------------------------------------------------------------------------------------------------

Some studies have demonstrated that primary DENV infection elicits poly-functional effector CD8^+^ T cells that express IFN-γ, TNF-α, CD107a and perforin and thus contribute to viral clearance ([@bib0005]). To perform mechanistic studies of CXCR5^+^CD8^+^ T cell response to DENV2 *in vitro,* we first examined whether CXCR5^+^CD8^+^ T cells were capable of mediating cytotoxic effects. The CD8^+^ T cells from five DENV2 patients and five HI were harvested and stimulated by NS1 peptides and TCR stimulant. In all five DENV2 patients examined, CXCR5^+^CD8^+^ T cells presented higher perforin- and CD107a- releasing T cells than CXCR5-CD8^+^ T cells. DENV2 patients also had higher perforin-releasing CXCR5^+^CD8^+^ T cells than HI ([Figure 5](#fig0025){ref-type="fig"} **A**--**C**).Figure 5CXCR5^+^CD8^+^ T cells from DENV2 patients possessed increased cytotoxicity and high capacity for secreting IFN-γ and IL-10. CXCR5^+^CD8^+^ T cells and CXCR5-CD8^+^ T cells from DENV2 patients (n = 5) and HI (n = 5) were stimulated for 8 h by NS1 peptides with TCR stimulant. After live cell gating with 7-AAD staining, the perforin, CD107a, TNF-α, IFN-γ, IL-10 and IL-6 expressions on CXCR5^−^ and CXCR5^+^CD8^+^ T cells were then examined by intracellular staining. (**A**) The flow cytometric plots of perforin, CD107a, TNF-α, IFN-γ, IL-10 and IL-6 expression on CXCR5^−^ and CXCR5^+^CD8^+^ T cells from one DENV2 patient. Statistical analysis of perforin (**B**), CD107a (**C**), TNF-α (**D**), IFN-γ (**E**), IL-10 (**F**) and IL-6 (**G**) expression on CXCR5^−^ and CXCR5^+^CD8^+^ T cells.Figure 5

Next, we further examined the function of CXCR5^+^CD8^+^ T cells to secrete TNF-α, IFN-γ, IL-10 and IL-6. We found that immediately following isolation, the CXCR5^+^CD8^+^ and CXCR5-CD8^+^ T cells were demonstrated significantly lower levels of TNF-α, IFN-γ, IL-10 and IL-6 secretion, and after stimulation by NS1 peptides with TCR stimulant, the levels of TNF-α and IL-6 were comparable between DENV2 patients and HI ([Figure 5](#fig0025){ref-type="fig"} **D**, **G**). However, CXCR5^+^CD8^+^ T cells from DENV2 patients after stimulation produced higher levels of IFN-γ and IL-10 compared to CXCR5-CD8^+^ T cells ([Figure 5](#fig0025){ref-type="fig"} **E**, **F**). CXCR5^+^CD8^+^ T cells from DENV2 patients were significantly more potent in IFN-γ and IL-10 secretion than those from HI ([Figure 5](#fig0025){ref-type="fig"} **E**, **F**). These results suggested that CXCR5^+^CD8^+^ T cells had the potential of degranulation and cytokine secretion after DENV2 infection.

Discussion {#sec0070}
==========

Follicular cytotoxic CXCR5^+^CD8^+^ T cells are shown to have antiviral properties in chronic virus infections ([@bib0025], [@bib0070], [@bib0095], [@bib0140], [@bib0100]). In this study, we found that circulating CXCR5^+^CD8^+^ T cells, especially CXCR5^high^CD8^+^ T cells, emerged later in the course of DENV2 infection, which may be related to the gradual migration of CXCR5^+^CD8^+^ T cells from the lymph nodes to the periphery during DENV2 infection. Importantly, the peak of CXCR5^+^CD8^+^ T cells was correlated with DENV2 RNA reduction, suggesting a protective role for CXCR5^+^CD8^+^ T cells in controlling DENV2 replication.

Abnormal expression of PD-1 on CD8^+^ T cells play a role in chronic viral infections ([@bib0030], [@bib0150]). There are different opinions regarding the expression of PD-1 on CXCR5^+^CD8^+^ T cells during chronic viral infections. We found high PD-1 expression on CXCR5^+^CD8^+^ T cells compared to CXCR5-CD8^+^ T cells, consistent with other findings ([@bib0075], [@bib0135]). Additionally, higher levels of PD-1^+^CXCR5^+^CD8^+^ T cells were found in DENV2 patients. Interestingly, higher levels of PD-1^+^CXCR5^+^CD8^+^ T cells were found in DENV2 patients with kidney injury or those with lower platelets numbers. These findings suggested that PD-1^+^CXCR5^+^CD8^+^ T cells could be negatively associated with disease progression.

Further functional experiments demonstrated that CXCR5^+^CD8^+^ T cells had the potential of degranulation and cytokine secretion after DENV2 infection, which suggested CXCR5^+^CD8^+^ T cells may protect against DENV2 infection in large part via their cytotoxic effector function. These observations were in partial agreement with studies performed in chronic LCMV-infected mice and follicular lymphoma, which showed that CXCR5^+^CD8^+^ T cells expressed more proinflammatory cytokines than CXCR5^−^CD8^+^ T cells ([@bib0070], [@bib0055]). Further investigation into early immune signatures will help to address what mechanisms influence the *in vivo* generation of these antiviral CXCR5^+^CD8^+^ T cells, but our data in combination with these recently published studies highlight the importance of CXCR5^+^CD8^+^ T cells and underscore the need to develop immune-based strategies capable of generating these cells *in vivo* as a means of targeting and eliminating DENV2-infected cells.

We know that cytokines are associated with severe dengue disease ([@bib0120], [@bib0125], [@bib0055], [@bib0170]). Studies have shown high levels of IL-6 in dengue infected liver sections and elevated IL-10 levels in patients with severe dengue ([@bib0120], [@bib0125]). Consistent with other findings ([@bib0120], [@bib0125], [@bib0060]), we observed high levels of IFN-γ, IL-6 and IL-10 late in the course of DENV2 infection. Although IL-10 was generally regarded as an anti-inflammatory cytokine, several studies suggested that IL-10 contributed to antitumor immunity by assisting the expansion of tumor-resident CD8^+^ T cells ([@bib0050], [@bib0115]). In mice with coronavirus-induced acute encephalitis, IL-10^+^CD8^+^ T cells demonstrated more potent activation and cytolytic activity than IL-10-CD8^+^ T cells, which suggest that IL-10 might improve CD8^+^ T cell survival and activation during acute inflammation ([@bib0165]). In this study, we also observed that CXCR5^+^CD8^+^ T cells in DENV2 patients exhibited high IL-10 secretion, while at the same time, the level of IFN-γ, a canonical CD8^+^ T cell activation marker, increased as would be expected under high IL-10 levels ([@bib0080], [@bib0085]). Combining these results, CXCR5^+^CD8^+^ T cells might have contributed to controlling DENV2 infection through IL-10-mediated stimulation rather than suppression.

In conclusion, we demonstrated that CXCR5^+^CD8^+^ T cells emerge after DENV2 infection, with high PD-1 expression and functionally cytotoxic response, and were correlated with DENV2 RNA reduction. These results show, for the first time, a protective role for CXCR5^+^CD8^+^ T cells in dengue pathogenesis and indicate that CXCR5^+^CD8^+^ T cells represent a novel strategy for controlling DENV2 infection and vaccine development.
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The following are Supplementary data to this article:Figure S1Gating strategy applied to identify the CXCR5^+^CD8^+^, CXCR5^high^CD8^+^ and the PD-1^+^CXCR5^+^CD8^+^ T cells.
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